PURPOSE: To identify changes in choroidal thickness (CT) and all retinal layers of diabetic patients without diabetic retinopathy (DR) after 1 year of follow-up. DESIGN: Prospective observational cohort study. METHODS: Overall, 125 diabetic patients without DR were included. Two visits were scheduled: the first visit (V1) and a second visit after 12 months (V2). At both visits, patients received a complete ophthalmologic evaluation that included OCT. Each retinal layer thickness was calculated for 9 ETDRS sectors, and CT was measured at 13 locations. Generalized linear mixed-effects models were used.
D IABETIC RETINOPATHY (DR) IS THE LEADING
cause of legal blindness among working-age adults in the United States. 1 Of the 415 million diabetic patients worldwide in 2015, over one third will develop DR in their lifetime. 2 The RETINODIAB study, an epidemiologic study that investigated the prevalence and progression rates of DR based on a national screening community program in Portugal, identified a 16.3% prevalence rate of DR and a 4.6% incidence rate of any DR within the first year in diabetic patients without retinopathy at baseline. 3, 4 Socioeconomic studies have revealed that the healthcare costs for patients with DR are almost twice the costs for diabetic patients without DR. 5, 6 Furthermore, despite good metabolic control, the rate of DR progression and the risk for vision loss vary among patients. 7 Therefore, it is important to identify diabetic patients at risk of developing DR.
The International Clinical Classification of DR is based on the observation of microvascular retinal changes. 8 However, diabetic neuroretinal degeneration has been demonstrated in histologic studies and through the measurement of functional loss with a number of functional tests, including contrast vision, color vision, visual field, dark adaptation, and electroretinogram. These retinal neurodegenerative changes include apoptosis of several populations of retinal cells (eg, photoreceptors, bipolar cells, ganglion cells, and astrocytes) with consequent effects on the thickness of different retinal layers in the earliest stages of DR or when DR cannot be detected by ophthalmologic examination. [9] [10] [11] [12] Furthermore, it has been hypothesized that changes in the choriocapillaris may precede the development of DR. 13 However, the relationship between DR and diabetic choroidopathy remains unclear.
In vivo, spectral-domain optical coherence tomography (SDOCT) enables reliable and reproducible visualization of the retinal and choroidal layers and measurement of the thickness of each layer. 14, 15 Using this approach, early retinal neurodegeneration may be detected and the results used to plan preventive therapy before the development of vascular lesions that are detectable by ophthalmoscopy. 16 However, published studies with OCT image analysis have not been able to predict whether diabetic patients are at risk for DR. To the best of our knowledge, there are no longitudinal studies of diabetic patients without DR using SDOCT.
Thus, the present longitudinal study aimed to evaluate which diabetic patients without DR would develop DR after 1 year and to use SDOCT to detect changes in retinal and choroidal layers over a period of 1 year.
METHODS

PATIENTS:
This study was conducted at the Ophthalmology Department of the Central Lisbon Hospital Center and was performed in the context of a prospective, observational study designed to follow eyes/patients without DR for a period of 1 year between October 2014 and December 2015. The results of the baseline study (first visit) and procedures have been previously described. 17 Two hundred and fifty consecutive type 2 diabetic patients sent to primary care centers for DR assessment as part of a nationwide program were screened for inclusion/exclusion criteria. Per protocol, the diagnosis of type 2 diabetes mellitus (DM) was made following the guidelines of the Portuguese General Health Direction. Type 2 diabetic patients without DR with normotensive eyes and with the ability to understand the study were included. The exclusion criteria were as follows: refractive error >5 diopters (D) or/and axial length >25 mm in the studied eye, known diagnosis of DR or other retinal diseases, glaucoma or ocular hypertension, uveitis, neurodegenerative disease, and significant media opacities that precluded fundus imaging.
The study was approved by our institutional ethics committee, and informed consent was obtained from all patients. The study also complied with the principles of the Declaration of Helsinki.
STUDY PROCEDURES: After screening based on the inclusion/exclusion criteria, a total of 125 type 2 diabetic patients without DR were enrolled in this study. The patients performed 2 study visits: V1 (month 0) and V2 (month 12). At each visit, the clinical history and the following examinations were performed: Goldmann applanation and dynamic contour tonometries, fundus photography, and SDOCT. The patients' blood pressure (BP) was also assessed. Furthermore, the diabetic patients were asked to provide blood samples for a fasting glucose test on the day of each study visit. One random eye per patient was selected for the study.
Visual Acuity. Best-corrected distance visual acuity (BCVA) for each eye was measured using Snellen charts and converted to the logarithm of the minimum angle of resolution (logMAR).
Intraocular Pressure. Intraocular pressure (IOP) was measured before pupillary dilation with Goldmann applanation and dynamic contour tonometries. For this tonometry, a Pascal tonometer was used for the measurement, and IOP values with a quality score less than or equal to 2 were accepted.
Fundus Photography. The pupils were dilated, and after funduscopy with a 90 D Volk lens (Volk company, Mentor, Ohio, USA), 2 fundus photographs were taken, including 1 centered on the fovea and another on the optic disc, using a Topcon TRC 50dx -type 1A camera (Topcon company, Tokyo, Japan).
Spectral-Domain Optical Coherence Tomography Imaging and Layer Segmentation. Tomographic images were obtained using Spectralis SDOCT (Heidelberg Engineering, Heidelberg, Germany; software version 6.0) after pupillary dilation by a single, well-trained technician (G.A.), as described previously. 18 All OCT examinations were performed at the same time of day from 2 PM to 4 PM. Only good-quality scans with well-focused images, without overt misalignment; continuous scan patterns without missing or blank areas, without artefacts; and a signal strength better than 20 (40 ¼ maximum) were included in the analyses. The fast macular thickness OCT protocol was performed with measurements from 20 3 20-degree raster scans (consisting of 25 high-resolution scans).
The automatic real-time (ART) function was set to 9 frames per B-scan. An internal fixation light was used to center the scanning area on the fovea while the eyetracking system was activated.
The new Spectralis automatic segmentation software was used to obtain individual retinal layer thickness measurements, including the following: overall retinal thickness (RT), retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), retinal pigment epithelium (RPE), and photoreceptor layer (PR) ( Figure 1 ). The OCT images obtained by the technician were assessed by an ophthalmologist (J.F.) who was masked to the patients' diagnosis; this evaluator verified the automatic segmentation in addition to making corrections with manual segmentation when it was not defined correctly. In all layers, the thickness values were calculated for 9 Early Treatment Diabetic Retinopathy Study (ETDRS) areas. 19 The ETDRS plot consisted of 3 concentric rings with 1-, 3-, and 6-mm diameters centered at the fovea. The 2 outer rings were divided into quadrants by 2 intersecting lines. Each sector was designated C, S3, S6, T3, T6, I3, I6, N3, and N6, as shown in Figure 2 . The ETDRS grid was positioned automatically with the Spectralis OCT software, which enabled the capture and extraction of the macular thickness values.
The fast macular thickness OCT protocol scans were performed again in enhanced depth imaging (EDI) mode according to a previously reported method.
14 The choroidal thickness (CT) was manually measured from the outer portion of the hyperreflective line (corresponding to the RPE) to the hyporeflective line (corresponding to the sclerochoroidal interface). These measurements were made in the subfoveal choroid and at 500-mm intervals from the fovea to 1500 mm nasal, 1500 mm temporal, 500 mm superior, and 1500 mm inferior (13 locations) (Figure 3 ).
Mean Arterial Pressure. BP was measured with the patient in a seated position using an automatic sphygmomanometer.
The systolic and diastolic blood pressures (SBP and DBP) were recorded. The mean arterial pressure (MAP) was calculated using the following formula:
The patient characteristics were described using the mean and standard deviation (SD) or median and interquartile range (IQR: 25th percentile-75th percentile) for continuous variables, as well as frequencies (percentages) for categorical variables. A nonparametric Mann-Whitney test was applied. Generalized linear mixed-effects models were used to identify the variables that explained the variability of thickness of all retinal and choroid layers in diabetic patients who developed DR and those who did not after 1 year of follow-up. All multivariable regression models considered the variables time (V1 and V2), age, sex, diabetes duration, ocular pulse amplitude, IOP-Pascal, axial length, MAP, HbA1c, and spherical equivalent to adjust for the association between having developed, or not developed, DR with layer thickness. Additionally, multivariable regression models for RPE layers in sectors C, S3, I3, T3, and N3 also considered the variable CT subfoveal at distances of 1000 mm superior, inferior, temporal, and nasal to the fovea, respectively. The normality assumption of the residuals was verified using a Kolmogorov-Smirnov goodness-of-fit test with the Lilliefors correction. Owing to the problem of multiple testing, Bonferroni corrections were applied. A level of a ¼ 0.05 was considered to be significant. Data were analyzed using STATA 13.0 (Stata Statistical Software: Release 13; 2013; StataCorp LP, College Station, Texas, USA). 
RESULTS
PATIENT DEMOGRAPHICS AND CLINICAL CHARACTER-
ISTICS: A total of 125 diabetic patients with type 2 DM without DR (63 male) were included in this study. After 12 months, these patients were asked to return for a second visit, as per protocol. Of these initial 125 patients, 19 missed the second appointment (when contacted, 18 did not justify their absence, and 1 had died). Of the remaining 106, 3 presented epiretinal membranes in OCT images and were thus excluded from further analysis. Overall, the attrition rate was 17.6% (n ¼ 22). Of the 103 diabetic patients who completed the study, 9 developed DR (8.7%) (Figure 4) . Demographic, clinical, and ophthalmologic characteristics, except for choroidal and retinal layer thickness, from both visits (V1 and V2) are presented in Table 1 .
ANALYSIS OF CHOROIDAL THICKNESS:
At both visits, the overall CT distribution over the 4 quadrants maintained the same pattern, with higher values in the superior quadrants than in the inferior quadrants, as well as in temporal compared to nasal quadrants (Table 2 ). In V2, at all locations, the CT was higher for diabetic patients without DR than for diabetic patients who developed DR. However, this difference was not statistically significant (230-280 mm vs 217-270 mm) ( Table 2) .
Results of the multiple regression analysis, after Bonferroni corrections, showed that the CT was greater, between 10 and 17 mm, in V2 than in V1, at almost half of the locations (500, 1000, and 1500 mm temporal; 500 and 1000 mm nasal; and 1000 mm superior to the fovea) (P < .001-.003) ( Table 3) .
In these models, it was also observed that CT was negatively associated with age at 9 locations and with axial length at 4 locations (P < .004). For each year of increase in lifespan, the CT mean values of diabetic patients decreased between 1.63 and 2.54 mm. Similarly, for each millimeter increase in the axial length of the eyeball, the CT mean values decreased from 17 to 25 mm (Table 3) .
ANALYSIS OF RETINAL LAYER THICKNESS:
At V2, the group of patients who developed DR showed significantly lower values for overall RT (C, S3, T3, and N3 sectors, P ¼ .009-.034), GCL (C sector, P ¼ .014), OPL (S6 sector, P ¼ .032), and ONL (C sector, P ¼ .035) ( Figure 5 ).
After Bonferroni corrections, the results of the multiple regression analysis showed that, at visit V2 with respect to V1, there was a statistically significant increase in the RNFL thickness in only 1 sector (sector S3) and a decrease in the thickness of the GCL (I3 and N6 sectors), IPL (S6 and N6 sectors), INL (T6 and N6 sectors), and VOL. 176 21 RETINA AND CHOROID OF DIABETIC PATIENTS OPL (S6 sector), as well as a decrease in the overall RT (S3, N3, I3, S6, and T6 sectors) (P < .001) ( Tables 4 and 5 ). After 1 year, the overall RT mean values decreased from 1.74 to 3.26 mm in diabetic patients, whether or not they developed DR.
The existence of a visible diabetic retinopathy was negatively associated with the overall RT (central, S3, T3, I3, and N3 sectors) (P ¼ .004-.024), ONL (T6 and I6 sectors) (P ¼ .007 and P ¼ .009), and PR layer (N6 sector) (P ¼ .038) ( Tables 4 and 5 ). In the span of just 1 year, the presence of DR decreased the overall RT mean values, in the locations specified, between 13.04 and 16.63 mm. However, the presence or absence of DR lost statistical significance for these layers and sectors after Bonferroni correction.
DISCUSSION
THIS LONGITUDINAL STUDY OF 125 TYPE 2 DIABETIC
patients without DR showed that after 1 year, independent of the development of DR, the CT increased between 10 and 17 mm (P < .001-.003), and there was a decrease in the GCL (I3 and N6 sectors), IPL (S6 and N6 sectors), INL (T6 and N6 sectors), OPL (S6 sector), and overall RT (S3, N3, I3, S6, and T6 sectors) (P < .001).
Several studies have analyzed the CT in diabetic patients without DR, although the results have been contradictory. Esmaeelpour and associates and Querques and associates found that choroidal thinning was independent of disease stage, even in diabetic patients without DR. [20] [21] [22] [23] In Reference categories: measurement of the overall RT at V1; D overall RT V2ÀV1 corresponds to the mean difference of the overall RT between visit 2 and visit 1.
contrast, Xu and associates, in a Beijing study that included 246 diabetic subjects, 23 of whom had DR, reported a thicker subfoveal choroid associated with DM. 24 However, this difference was not related to the presence or stage of DR after adjusting for various confounders. 24 Vujosevic and associates found no significant difference in CT between diabetic patients and controls. 25 Although these findings are divergent, it should be noted that the samples were small for each DR stage, and the results were therefore insufficient for a meaningful multivariable analysis. Moreover, there are numerous physiologic variables such as axial length, refractive error, IOP, diurnal variation, and different drugs that might affect CT, and these factors should be considered in such studies.
In our study, the increased CT observed in diabetic patients without DR after 1 year may correspond to the presence of a choroidal vasculopathy. Choroidal edema or vascular dilation with increased rigidity of the blood vessels may be responsible for this increase in CT. However, the autoregulation of the choroid remains controversial. 26 In diabetic patients, Nagaoka and associates 13 showed that there was decreased choroidal blood flow, even before visible DR was present.
The trend for a thinning choroid in diabetic patients who develop DR compared with patients without DR (230-280 mm vs 217-270 mm) may correspond to the beginning of the vascular atrophy phase. Kim and associates 27 and Vujosevic and associates 25 showed that early DR was associated with a thinner choroid when compared with a control group. Future longitudinal studies with a larger sample of diabetic patients with DR will be required to confirm this result.
In diabetic patients, regardless of the presence of retinopathy, we documented a reduction in overall RT after 1 year, as well as a reduction in the thickness of the inner layers (GCL, IPL, and INL), which may be related to the early neurodegenerative phase described in previous studies. 9, 28, 29 The patients who developed DR, although few in number, also showed a statistically significant decrease in overall RT (C, S3, T3, and N3 sectors), GCL (C sector), OPL (S6 sector), and ONL (C sector), which may correspond to the continuation of neurodegeneration that had started before the presence of retinopathy. Retinal neurodegeneration is characterized as a consequence of neural apoptosis, reactive gliosis, glutamate excitotoxicity, a decrease in neuroprotective factors, and the impairment of neurovascular coupling. 9 Different studies using SDOCT have reported a decrease in RNFL and GCL/IPL thickness in diabetic patients without DR. [30] [31] [32] Sohn and associates quantified the decrease in the inner retinal layer thickness over time in 45 diabetic patients with or without mild nonproliferative DR and reported a progressive decrease in RNFL of 0.25 mm/year and in GCL/IPL of 0.29 mm/year over a period of 4 years, regardless of HbA1c, age, or sex. 33 Interestingly, in this study the variable retinopathy was negatively associated with the overall RT (central, S3, T3, I3, and N3 sectors), ONL (T6 and I6 sectors), and PR layer (N6 sector). In the span of just 1 year, the presence of DR decreased the overall RT in the studied locations between 13.04 and 16.63 mm.
Our study had some limitations. First, CT measurements were obtained manually. However, this manual technique previously showed high intraobserver and interobserver reproducibility. 34 Second, retinal measurements were performed with automatic software. However, manual correction was performed by an ophthalmologist masked to the patients' diagnosis when the segmentation was inaccurate. Finally, an inherent limitation of this type of study concerns the disease duration, because the onset of the disease (particularly type 2 diabetes) is insidious, and patients can only report it once the diagnosis can been made based on clinical and analytical findings. Accordingly, disease duration may have been underestimated.
In conclusion, in diabetic patients without DR at the 1-year follow-up point, we observed overall thickening of the choroid and decreases in the thickness of the inner retinal layers (GCL, IPL, and INL) and overall RT. Thus, when patients develop DR, the choroid begins to decrease along with the overall RT and PR layer thickness. Special thanks to Dr Gonçalo Agudo, of the Department of Ophthalmology of the Central Hospital Lisbon Center, Lisbon, Portugal, for his help in obtaining tomographic images.
